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Tbjectives: We evaluated cardiopulmonary function at rest and during exercise in
hildren after surgical repair for total anomalous pulmonary venous connection.
ackground: Long-term assessment of cardiopulmonary function during exercise in
hildren after repair for total anomalous pulmonary venous connection during
nfancy is limited.
ethods: Resting lung function and cardiopulmonary function during maximal
amp cycle ergometry were evaluated in 27 patients (age  11  4 years, 20 were
ale). Peak oxygen consumption, ventilatory anaerobic threshold, and physical
orking capacity were compared with normal reference values. Neurologic assess-
ent included neuromuscular function, inattentiveness, and hyperactivity. Patient-
nd procedure-related variables were assessed for association with peak oxygen
onsumption, ventilatory anaerobic threshold, and physical working capacity.
esults: Compared with healthy children, peak oxygen consumption (88%  16%
f predicted) and ventilatory anaerobic threshold (91%  21% of predicted) were
ildly reduced. Chronotropic impairment was observed in 7 patients (32%). Pa-
ients with impaired resting lung mechanics were more likely to have impairment in
eak oxygen consumption (P  .05). Breathing reserve was normal. Specific
natomy and all operative factors did not have a significant impact on overall
xercise performance. Composite score for fine and gross motor function was
ssociated with lower ventilatory anaerobic threshold (P  .05).
onclusions: Exercise performance is mildly impaired at long-term follow-up after
otal anomalous pulmonary venous connection repair during infancy. Residual
ulmonary abnormalities are common and associated with lower exercise perfor-
ance. Neurologic abnormalities are evident in a subgroup, but the impact on late
xercise performance is inconclusive.
otal anomalous pulmonary venous connection (TAPVC) presents with sev-
eral anatomic variants that subject patients to different risks and potential
complications. Improvements in surgical techniques, preoperative stabiliza-
ion, and postoperative care have resulted in lower mortality and increased short-
nd long-term survival over the past 30 years.1 However, the majority of studi
eport early surgical and long-term hemodynamic outcomes by cardiac catheteriza-
ion or resting echocardiography. Assessment of cardiovascular, pulmonary, and
usculoskeletal systems during exercise has been limited. Residual cardiopulmo-
ary abnormalities undetected at rest may result in impaired function during exer-
ise.2 Although these abnormalities seem to be well tolerated, no data exist that
he Journal of Thoracic and Cardiovascular Surgery ● Volume 133, Number 6 1533
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Describe the long-term impact of isolated TAPVC surgically
epaired during infancy on indices of exercise performance.
The purpose of this study was to evaluate long-term
ardiac, pulmonary, and musculoskeletal function at rest
nd during exercise in children after surgical repair for
APVC during infancy, and to estimate the impact of peri-
perative and specific neurologic factors on long-term car-
iopulmonary exercise performance.
aterials and Methods
atient Population
hildren eligible to participate in this study included all patients
ith simple TAPVC admitted to The Children’s Hospital of Phil-
delphia between November 1983 and November 1996. Simple
APVC is defined as TAPVC with no other cardiac anomalies
xcept for patent foramen ovale, atrial septal defect, coarctation of
he aorta, or patent ductus arteriosus.3 A total of 104 children we
dentified as candidates for inclusion in the study, 4 of whom died
efore surgical intervention; of this total, 100 survived to surgery.
he hospital mortality rate was 14%, and 2 children died long-term
ostoperatively. Ten patients were lost to follow-up. Of the 74 late
urvivors, 60 were surgically repaired during infancy and at least
years of age at the time of this study. The parents/guardians of
2 of these 60 children were successfully contacted. Of these 42
amilies, 27 agreed to participate in this study. Before testing, each
atient and a parent/guardian signed an informed assent/consent in
ccordance with The Children’s Hospital of Philadelphia Institu-
ional Review Board, Committee for the Protection of Human
ubjects.
esting Lung Mechanics
ulmonary function was evaluated before the exercise test using
tandard methods for spirometry, lung volumes, and conductan4
orced vital capacity (FVC), forced expiratory volume in 1 second
FEV1), forced expiratory flows at 25% to 75% of FVC (FEF25-75),
nd the ratio FEV1/FVC were measured and compared with ap-
ropriate reference values.5 Maximal voluntary ventilation (MVV
as used to calculate the breathing reserve (BR) at peak exercise
sing the formula: BR  [1(VE/MVV)]  100, where VE
Abbreviations and Acronyms
BR  breathing reserve
DS/TV  dead space-to-tidal volume ratio
f  respiratory rate
FEV1  forced expiratory volume in 1 second
FVC  forced vital capacity
MVV maximal voluntary ventilation
O2P  oxygen pulse
PWC  peak work capacity
TAPVC total anomalous pulmonary venous
connection
TV  tidal volume
VAT  ventilatory anaerobic threshold
VE minute ventilationquals the minute ventilation (VE) at maximal exercise.6 a
534 The Journal of Thoracic and Cardiovascular Surgery ● Junardiovascular Monitoring
ardiac rhythm was monitored continuously and recorded inter-
ittently during each study using standard electrocardiography. A
eak heart rate response less than 2 standard deviations from the
ormal value (heart rate  185 beats/min) was used as criteria for
hronotropic impairment.7,8 Blood pressure was measured by au-
ultation at rest and every 3 minutes during exercise and recovery.
xercise Capacity
atients were exercised to maximal volition (respiratory exchange
atio  1.10) using a 1-minute incremental ramp cycle ergometer
rotocol.7 Metabolic and ventilatory data were obtained on
reath-by-breath basis using a metabolic cart (SensorMedics,
orba Linda, Calif). Parameters measured included minute oxygen
onsumption (VO2), minute carbon dioxide production (VCO2),
E, respiratory exchange ratio, respiratory rate (f), tidal volume
TV), dead space-to-tidal volume ratio (DS/TV), and the ventila-
ory equivalents for oxygen and carbon dioxide (VE/VO2, VE/
CO2). The oxygen pulse (O2P) for each patient was calculated by
ividing the VO2 by the simultaneous measured heart rate and
ndexed to height (centimeters).9 The ventilatory anaerobic thresh-
ld (VAT) was measured by the V-slope method.10 Ventilatory
fficiency during exercise was assessed by calculation of the slope
f the increase in VE versus VCO2 from the onset of workup to the
nflection point in the V-slope. Mechanical work efficiency was
etermined by calculating the change in work rate, measured in
atts (W), over the change in oxygen consumption (W/VO2)
easured at an respiratory exchange ratio of 0.95 or less.11 Met-
bolic and ventilatory data were compared with healthy age- and
ender-matched children using the same exercise protocol.9,12
chocardiography
esting echocardiograms included a complete 2-dimensional
chocardiogram with Doppler evaluation and were recorded on
ideotape and/or digital transfer medium. Echocardiography as-
essed the presence of a residual atrial septal defect and the
resence of obstruction within the pulmonary veins. Specific mea-
urements during the echocardiogram included right ventricular
ressure estimate, when observable from the tricuspid insuffi-
iency jets, and left ventricular shortening fraction.
eurologic Examination
he developmental history and neurologic examinations were con-
ucted by a single, senior, board-certified pediatric neurologist
ho is familiar with the neurodevelopmental issues in children
ho have undergone infant heart surgery. The protocol for the
eurologic examination has been described.13 Briefly, the exami-
ation assessed muscle tone, strength, symmetry, reflexes, and
oordination of fine and gross motor activities. All findings are
ecorded on case report forms. Abnormal motor abnormalities
ncluded those with a diagnosis of cerebral palsy or obvious
mpairments of motor function. Suspect scores were coded for
hose with more subtle disturbances, such as impaired hand or
nger-tapping sequences, uncoordinated rapid alternating move-
ents of the hands, or inability to hop repetitively on 1 foot. The
omposite score reflected any abnormality of fine or gross motor
bility. The impression of hyperactivity or attention deficit was
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Dased on parental interview and clinical observation but not by a
ormal psychologic battery.
ata Analysis
ata analysis consisted of generating descriptive statistics for all
elevant variables in the data set. Independent t tests were used to
etect differences between the patients who underwent TAPVC
nd age and gender-match reference data in 4 key areas: (1)
ardiovascular function at rest, (2) cardiovascular function during
xercise, (3) pulmonary function at rest, and (4) pulmonary func-
ion during exercise. Single- and multiple-covariate linear regres-
ion models were fitted and tested for 3 exercise-related end points,
O2peak, VAT, and peak work capacity (PWC). Any single
ovariate with a P value less than .15 was considered a candidate
or inclusion in a multiple-covariate equation. Because of the
xploratory nature of the study, and the general lack of exercise-
elated information on school-age survivors of TAPVC, alpha was
ot adjusted for multiple comparisons, thereby keeping the crite-
ion for statistical significance at   0.05 level for all analyse
esults
atient demographics and anatomy of the pulmonary ve-
ous drainage are summarized in Table 1. All patients 
linically healthy with none taking routine cardiac
edications.
Perioperative data are also summarized in Table 1.
atients had a period of deep hypothermic circulatory arrest
uring their surgical procedure. Patients who required pre-
ABLE 1. Clinical, anatomic, and perioperative data of
ubjects
ariable Value
emographics
Male, n (%) 20 (74)
Female, n (%) 7 (26)
Gestation, w 38.8 2.5
Birth weight, g 3289.5 713.3
Age at surgery, d 36.7 44.7
natomy
Supracardiac, n (%) 14 (52)
Intracardiac, n (%) 3 (11)
Infracardiac, n (%) 10 (37)
Pulmonary venous obstruction, n (%) 5 (19)
erioperative data
Intubated preoperatively, n (%) 7 (26)*†
Cardiopulmonary bypass, min 70.7 14.3
Circulatory arrest, min 34.8 10.2
ICU length of stay, d 11.6 11.3
Length of hospital stay, d 16.5 11.7
Need for reintervention, n (%) 6 (22)
CU, Intensive care unit. Values represent mean  standard deviation, or
umber of observations (n) and percentage of total population (%). Length
f hospital stay: surgery to discharge. *Significantly younger age, P  .01.
Significantly longer period of ICU length of stay, P  .01.perative intubations (n  7) were significantly younger e
The Journal of Thoracichan those who were not intubated (9.3 5.1 days vs 34.0 
6.2 days, P  .01), and they required significantly longer
ostoperative intensive care unit stays (18.3  16.1 days vs
.1  5.0 days, P  .01). Patients with evidence of pulmo-
ary venous obstruction at presentation (n  5) tended to
equire preoperative intubation (4/5 [80%] vs 3/22 [14%], P
.05). Six patients (22%) required late surgical reinterven-
ion (14.7  18.8 months) consisting of complete revision
f TAPVC repair (n 5) or closure of residual septal defect
n 1). A comparison between the patients who voluntarily
nrolled and those who were eligible but did not return for
tudy participation demonstrated no significant differences
etween the groups for the demographic and perioperative
ariables listed in Table 1.14
Demographic and echocardiographic data at the time of
esting are summarized in Table E1. No patient had gr
han mild tricuspid regurgitation on resting echocardiogra-
hy. There was evidence of mild flow acceleration at the
ulmonary venous anastomosis in 1 patient whose right
entricular pressure estimate was 28 mm Hg.
ardiovascular Function
ardiovascular and metabolic data during exercise are sum-
arized in Table 2. On the basis of metabolic and ve
ory data, 22 patients (81%) were thought to have achieved
eak aerobic capacity during testing. However, VAT was
easurable in 3 of 5 patients who did not achieve peak
erobic capacity and were included in the analysis of sub-
aximal exercise performance.
Evaluation of electrocardiographic responses to maximal
ABLE 2. Cardiovascular and metabolic responses during
xercise
ariable Value*† Percentage of predicted
R, beats/min 184.4 14.3*‡ 92  9
O2, mL/kg/min 36.3 6.9*§ 88 16
O2, mL/min 1448.3 527.3*§ 88  16
CO2, mL/min 1780.1 668.2* —
2P, mL/beat 7.8  2.9* 96 16
WC, W 128.7 52.2* 104 21
AT, mL/kg/min 22.1 5.4†‡ 91 21
AT, mL/min 868.1 37.2†‡ 91  21
AT, % of
O2peak
63.2 9.1† —
ork efficiency, % 27.3 7.2† 95 26
ER 1.2 0.1*
R, Heart rate; VO2, minute oxygen consumption; VCO2, minute carbon
ioxide production; O2P, oxygen pulse; PWC, physical working capacity;
AT, ventilatory anaerobic threshold; RER, respiratory exchange ratio.
alues are represented as mean  standard deviation and percentage of
redicted for age and gender. *Peak exercise (n  22). †Submaximal
xercise (n  25). ‡P  .05 for age and gender. §P  .01 for age and
ender.xercise showed all but 5 patients (19%) were in sinus
and Cardiovascular Surgery ● Volume 133, Number 6 1535
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Dhythm throughout their exercise tests. Rare (1%) isolated
ctopic atrial or ventricular complexes were observed in 4
atients (15%). In the 22 patients who achieved peak aero-
ic capacity during the study, an attenuated heart rate re-
ponse (167.8  13.5 beats/min) was observed in 7 (32%).
Aerobic capacity, as measured by percentage of pre-
icted VO2peak, for the group was significantly lower than
ormal values for age and gender (P  .01). However, only
patients (13%) had significant impairment of aerobic
apacity below the 95% confidence limit for age and gender.
aw VAT and percentage of predicted values, reported in
5 patients (93%), was significantly lower than the normal
alue for age and gender (P .01). Mean raw VAT for 3 of
he 5 patients who did not achieve peak aerobic capacity
as 19.5  6.8 mL/kg/min (90%  16% of predicted).
esting Pulmonary Function
ndices of resting lung mechanics are summarized in
able 3. FVC was significantly (P  .01) below the mea
redicted value for age and height in all but 5 patients
18%). Similarly, significant differences were observed in FEV1
P  .01) and FEF25-75 (P  .01) in 4 patients (15%) and 5
atients (18%), respectively, when compared with normal
alues for age and height. When FEV1 was expressed as a
ercentage of the FVC (FEV1/FVC), this ratio was within
he expected value for all but 9 patients (33%).
xercise Pulmonary Function
entilatory parameters during exercise are summarized in
able 4. Resting ventilatory parameters were essentia
nremarkable. However, estimated DS/TV at rest (49.1%
.0%) was significantly above the mean for age and gender
n all but 1 patient (4%) (P  .01). Estimated DS/TV at
eak exercise was also significantly above the mean in all
ut 5 patients (22%) who achieved peak aerobic capacity
P  .01). Although notable increases in mean values for
f” and TV were observed during submaximal exercise
rom resting values, a blunted increase in mean TV was
ABLE 3. Indices of resting lung mechanics
ariable Value
VC, L 2.37 0.92*
VC, % of predicted 89 15
EV1, L 2.06 0.77*
EV1, % of predicted 87  14
EV1/FVC, % 85  7
EF25-75, L 2.27 1.02*
EF25-75, % of predicted 78  24
VC, Forced vital capacity; FEV1, forced expiratory volume in 1 second;
EF25-75, forced expiratory flow at 25% to 75% of forced vital capacity.
alues represent mean  standard deviation. *P  .01 for age, gender,
nd height.oted at a point approximating the VAT (62% of peak o
536 The Journal of Thoracic and Cardiovascular Surgery ● Junxercise). Therefore, a larger fraction of VE was primarily
riven by “f” at exercise intensities beyond the VAT. Those
ith high “f” at peak exercise were more likely to have high
S/TV at peak exercise (P  .01).
BR at peak exercise for the group represented normal
ulmonary reserve when compared with age- and gender-
atched reference values. BR was less than 15% in 10 of
he patients (45%). This is the level below which pulmonary
nsufficiency potentially impairs exercise performance.
our of these 10 patients had normal values for VO2peak.
eurologic Function
he results from the neurologic examinations are presented
n Table E2. Neurologic function in 10 of the 27 su
37%) was rated as abnormal or suspect on the overall
eurologic assessment. Forty-four percent of the subjects
ere found to have deficits in 1 or more of the 4 domains
attention, hyperactivity, fine motor, gross motor) assessed
uring this study. Neuromuscular assessment was rated as
bnormal or suspect in 7 of the subjects (26%).
actors Associated With Exercise Performance
leven potential perioperative risk factors (Table 1) w
ested for association to predict long-term exercise perfor-
ance, as measured by percent of predicted values for 3
rimary end points (VO2peak, VAT, and PWC). Anatomy
f the pulmonary venous drainage and the presence of
ulmonary venous obstruction on presentation, as well as all
perative variables, did not have a significant impact on
verall exercise performance as measured by VO2peak,
AT, and PWC. Although the need for late reintervention
as significantly associated with lower PWC (P  .04), it
as not associated with neuromuscular function (P  .55)
ABLE 4. Ventilatory parameters during exercise
ariable Submaximal exercise* Peak exercise†
, breaths/min 44.1 7.6 58.8  6.7‡
V, mL/min 896.3 323.2 1080.1  420.1
E, L/min 43.2 11.8 68.4  22.0§
/TV, % 48 21 63  29
V/FVC, % 36 8 41 16
E/VO2, % 44  47 47  6
E/VCO2, % 41  10‡ 41  6
E vs VCO2, slope 43  25‡
S/TV, % 38 5 29 7‡
R, % — 19 11
, Respiratory rate; TV, tidal volume; VE, minute ventilation; FVC, forced vital
apacity; VE/VO2, ventilatory equivalent for oxygen; VE/VCO2, ventilatory
quivalent for carbon dioxide; RER, respiratory exchange ratio; DS/TV,
ead space-to-tidal volume ratio; BR, breathing reserve. Values represent
ean standard deviation. *n 25. †n 22. ‡P .01 for age and gender.
P  .05 for age and gender.r work efficiency (P  .38).
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DFourteen different cardiovascular and pulmonary risk
actors (Tables E1 and 2-4) were also tested for association
ith long-term exercise performance. O2P at peak exercise
as associated with higher values for VO2peak (P  .03)
nd PWC (P  .02). There was no association between any
andidate of exercise performance and the chronotropic
esponse. Those patients with impaired FEV1 and FEV1/
VC were more likely to have impairment in VO2peak (P
04 and P  .02, respectively), although those patients who
chieved higher VE during exercise were more likely to
chieve greater VO2peak (P  .03). Although DS/TV at
eak exercise was above the mean for age and gender, it was
ot associated with lower VO2peak (P  .63).
Six different neurologic risk factors (Table E2) w
ested for inclusion in a multicovariate statistical model to
redict long-term exercise performance. Whereas there was
tendency toward lower PWC (P  .11) in those subjects
ho scored lower in the composite score of neuromuscular
unction (gross motor and fine motor), none of the assess-
ents for neurologic function significantly affected overall
xercise performance as measured by VO2peak and PWC.
owever, lower composite score in neuromuscular function
as significantly associated with lower VAT (P  .03).
eterminants of Aerobic Exercise Performance
o test for synergistic effects, covariates with P less than
15 were entered into multicovariate analyses to arrive at the
est fitting model for each of the 3 primary outcomes of
xercise performance (Table E3). According to multicov
te analysis using the subjects’ demographics, perioperative
ata, and pulmonary variables, the strongest predictors of
eak exercise performance, as measured by VO2peak, were
EV1 and O2P (P  .02). The strongest predictors of
ubmaximal exercise performance, as measured by VAT,
ere diastolic blood pressure and neuromuscular function
P  .07). Last, the strongest predictors of musculoskeletal
erformance, as measured by PWC, were gender and O2P
P  .01).
iscussion
ardiovascular Function
he findings from this study indicate aerobic exercise per-
ormance in children surgically repaired for TAPVC during
nfancy is mildly impaired compared with exercise perfor-
ance in healthy children. However, a majority (86%) of
hese children have VO2peak values within the 95% confi-
ence limit for age and gender. This is a modest improve-
ent from the earlier report by Paridon and colleagues2 in
hich the aerobic capacity was 82% of predicted for age
nd gender in 6 children surgically repaired for TAPVC
uring infancy.
Similarly, data from this study suggest mild impairment
n submaximal exercise performance, as measured by VAT. (
The Journal of Thoraciclthough less impaired than VO2peak, the mild impairment
n submaximal exercise performance may be more discour-
ging than that observed in VO2peak. The VAT is often
onsidered a more reliable marker of aerobic fitness because
f its ability to be sustained over a longer period of time and
ts sensitivity to aerobic deconditioning and sedentary
ifestyle.6
Our data indicate that PWC and work efficiency is within
ormal range for age and gender despite limited aerobic
arameters of performance and is superior to that reported
n other cardiac lesions requiring early repair.8,15 This is no
urprising given that lesions requiring early surgical repair,
uch as tetralogy of Fallot and atrial switch physiology,
ften have residual hemodynamic abnormalities.
The incidence of mild chronotropic impairment seen in
his study is inconsistent with the findings of previous
tudies. An early report by Byrum and colleagues16 found
ormal sinus node function in 7 late survivors, whereas a
ore recent study by Paridon and colleagues2 found mild
hronotropic incompetence in 5 of 6 children at late follow-
p. Reasons for these discrepancies are unclear and proba-
ly multifactorial. However, it is not uncommon for chil-
ren with cardiac lesions requiring extensive atrial surgery
o exhibit some level of sinus node dysfunction. Often a
lunted chronotropic response has been implicated in the
eduction in aerobic capacity.
The results of this study indicate that decreased aerobic
apacity is not directly related to the heart rate response.
he poor correlation between peak heart rate and VO2peak
r  0.07, P  .76) in this study suggests that, at least over
he range of chronotropic responses observed in these pa-
ients, VO2peak depends more on other factors than on the
eart rate response alone. Some of these other factors may
nclude widening of the arteriovenous oxygen difference or
hanges in stroke volume. Although the level of regular
hysical activity was not assessed in these patients before
he study, no patients had medically prescribed exercise
estrictions. Nevertheless, physical inactivity leading to aer-
bic deconditioning may be a reasonable speculation based
n our data.
esting Pulmonary Function
ndices of resting lung mechanics in patients evaluated in
his study were mildly decreased when compared with nor-
ative data in healthy populations. The proportionate de-
reases in FVC and FEV1 reflect a pattern of restrictive
irway physiology. This was suggested by the normal
EV1/FVC ratio observed in this group. However, propor-
ionally greater reductions in mean expiratory flows (FEF25-75)
ere observed, suggesting small airway dysfunction com-
only seen in obstructive airway physiology. Of the mea-
urements of resting lung mechanics, FEV1 and FEV1/FVC
Figure E1) were independently related to VO2peak. There-
and Cardiovascular Surgery ● Volume 133, Number 6 1537
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Dore, data from this study suggest an obstructive component
f airway physiology such that when coupled to an under-
ying mild restrictive process, a more profound impact on
erobic capacity is observed.
Residual pulmonary abnormalities are not unique to
APVC physiology. Pulmonary abnormalities have gener-
lly been reported in cardiac lesions requiring even a single
alliative procedure.15 However, the findings of this stu
onflict with those previously reported by Paridon and col-
eagues,2 whose pulmonary data in patients surgically -
aired for TAPVC did not reflect any component of ob-
tructive airway physiology. Reasons for such a pattern in
irway physiology have been attributed to several factors
ncluding the effect of multiple thoracic surgical interven-
ions on chest wall mechanics, diminished blood flow resulting
n chronic cyanosis, and abnormal pulmonary growth patterns
n utero.17 Rationale for the former 2 factors is difficu
xplain in the current study given that most of the patients
nderwent a single operative procedure early after birth. The
atter factor may be more plausible in this cohort given the
ersistent pulmonary abnormalities despite early repair. How-
ver, the exact mechanism has yet to be fully elucidated.
In a single study performed at the same institution,
ahle and colleagues18 examined pulmonary and cardio-
ascular function at rest and during exercise in a subset
n  22) of children (mean age  11 years) surgically
epaired for D-transposition of the great arteries during
nfancy. All patients in their study underwent a single sur-
ical repair using similar perioperative techniques (eg, car-
iopulmonary bypass, deep hypothermic circulatory arrest).
dentical protocols for the measurements of pulmonary me-
hanics at rest and cardiovascular performance during ex-
rcise were used. Although the surgical intervention used
o palliate D-transposition of the great arteries is arguably
ore complex than that of TAPVC, Mahle and colleagues
eported mean values for pulmonary function at rest and
ardiovascular performance during exercise were 100% and
13% of predicted for age and gender, respectively. There-
ore, data from the current study implicate in utero devel-
pmental changes unique to TAPVC physiology as more
ikely rationale for the persistent abnormalities in pulmo-
ary function and exercise performance rather than the
ffect of thoracic surgery.
xercise Pulmonary Function
ata from this study indicate that the dynamic responses of
he pulmonary system to exercise in these children surgi-
ally repaired for TAPVC during infancy are different than
hose of children of similar age and gender. Table 4 
rates the increase in VE and the relative contribution of its
omponents (“f” and TV) in response to progressive exer-
ise. Similarly, the increase in TV/FVC and VE/VO2 illus- t
538 The Journal of Thoracic and Cardiovascular Surgery ● Jun-
rates the relative increase in depth of breathing and increas-
ng ventilation in relation to VO2, respectively.
It has been suggested that children have breathing pat-
erns similar to that in adults, as measured by the relative
ontributions of “f” and TV to VE during progressive ex-
rcise. In 177 boys and girls (mean age  11 years),
rmstrong and colleagues19 showed as exercise increased 
aximal levels, there was a greater reliance on “f” to create
E as indicated by the increase in f/TV ratio (41%-47%),
hereas the TV/FVC ratio remained relatively stable (38%-
1%) throughout progressive exercise. Data from the cur-
ent study are consistent with such a pattern. However, the
xtent to which the TV could increase was limited, as noted
y the lower average value for TV across exercise intensi-
ies. Therefore, the greater than normal increase in “f” to
eet the ventilatory requirement for exercise likely contrib-
ted to the high DS/TV seen at peak exercise as a conse-
uence of greater ventilation of anatomic dead space rather
han any intrinsic lung parenchymal disease.
The analysis of the slopes of VE versus VCO2 enabled an
ssessment of the breathing patterns related to the efficiency
f the ventilatory response to metabolic demands. Data from
his study indicate 72% of the patients had abnormal ven-
ilatory responses to progressive exercise when compared
ith normal values for age and gender. Although these
esults are superior to data reported in other congenital
ardiac lesions, residual hemodynamic abnormalities often
een in such defects as tetralogy of Fallot and Fontan
hysiology preclude reliable comparison.17,20
Regardless of the cause of the pulmonary impairment,
xercise performance in children surgically repaired for
ongenital heart disease is seldom limited by their pulmo-
ary system.21 This is because the impaired function of 
ardiovascular system usually limits oxygen delivery before
he pulmonary reserve is exhausted. The adequate BR at
eak exercise (19%  11%) in this study suggests the
imitation in exercise performance was not primarily a fac-
or of their underlying pulmonary abnormalities.
eurologic Function
eurologic status and exercise performance have been as-
essed in a variety of congenital heart anomalies requiring
arly surgical repair. However, the relationship of one to the
ther has not been explored. To the extent that neurologic
unction was assessed, the results of this study are incon-
lusive. Although these results indicate that a subgroup of
hildren surgically repaired for TAPVC during infancy ex-
ibit a pattern of neurologic dysfunction characterized by
eficits in attention, hyperactivity, and neuromuscular func-
ion, these abnormalities do not clearly affect late cardio-
ulmonary exercise performance. This is encouraging given
he persistent neurodevelopmental abnormalities seen in
e 2007
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Dther congenital heart defects requiring early surgical
epair.22,23
imitations
he main limitation of this study was the cross-sectional
esign. Therefore, inferences about the long-term impact of
urgical repair for TAPVC during infancy are limited. This
tudy was also limited by its small sample size. On the basis
f the similarities between those who returned for testing
nd those who were eligible but did not return, there does
ot seem to be an obvious selection bias. However, other
actors not accounted for between those subjects who re-
urned for testing and those who optioned not to return, such
s parental status, race and ethnicity, and geographic demo-
raphics, could contribute to the results of this study. In
ddition, the relative small size of the sample precluded
ore sophisticated statistical modeling and analysis. Fi-
ally, the noninvasive assessment of exercise performance
ay have precluded the identification of all cardiovascular,
ulmonary, and hemodynamic abnormalities otherwise
dentified with more invasive methods.
onclusions
lthough the subjects were clinically asymptomatic at rest,
esidual abnormalities of the cardiovascular and pulmonary
ystem during exercise persist at late follow-up in children
urgically repaired for TAPVC during infancy. Specifically,
bstructive airway physiology is evident on long-term follow-up.
hether this attribute is unique to abnormal development of
he pulmonary veins or is evidence of subclinical pulmonary
isease has yet to be fully clarified. As in other congenital
eart defects requiring early surgical repair, deficits in neu-
ologic function persist at late follow-up after repair for
APVC during infancy. However, the impact on long-term
unctional outcome, as measured by the indices of exercise
erformance, has yet to be fully clarified. Although the mild
bnormalities in cardiovascular, pulmonary, and neurologic
unction seem to be well tolerated, careful continued obser-
ation is required as these patients enter adulthood.
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Digure E1. Relationship of FEV1/FVC to peak oxygen consumption.
EV1, Forced expiratory volume in 1 second; FVC, forced vital
apacity; VO2, minute oxygen consumption.
ABLE E2. Neurologic examination
ariable Norm
yperactivity 20 (74
nattentiveness 15 (56
ine motor function 20 (74
ross motor function 25 (93
verall neuromuscular assessment 20 (74
verall neurologic assessment 17 (63
ata are represented as number of observations and percentage of total po
otor function. Overall neurologic assessment: composite score for all four do
539.e1 The Journal of Thoracic and Cardiovascular Surgery ● JABLE E1. Demographic and echocardiographic charac-
eristics of subjects at follow-up
ariable Value
emographics
Age at testing, y 11.0 3.6
Height, cm 143.8 17.6
Weight, kg 41.0 16.4
BSA, m2 1.2  0.3
chocardiography
RV pressure, mm Hg 23.1 6.1
LVSF, % 36.0  3.6
Pulmonary venous obstruction 1 (4)
SA, Body surface area; RV, right ventricular; LVSF, left ventricular short-
ning fraction. Values represent mean standard deviation, or in the case
f pulmonary venous obstruction, number of observations and percentageal Abnormal Suspect
%) 7 (26%) —
%) 12 (44%) —
%) 7 (26%) —
%) 2 (7%) —
%) 2 (7%) 5 (19%)
%) 6 (22%) 4 (15%)
pulation. Overall neuromuscular assessment: composite score for fine and gross
mains (hyperactivity, inattentiveness, fine motor, gross motor).
une 2007
T
C
V
V
P
V 2
P osite neuromuscular score: fine and gross motor assessment. *n  22. †n  25.
McBride et al Surgery for Congenital Heart DiseaseABLE E3. Multiple covariate models
ovariate -coefficient
O2peak model*
FEV1 .38
O2P .35
Intercept 21.83
AT model†
PDBP 1.10
Composite Neuromuscular Score 12.78
Intercept 13.49
WC model*
Gender 18.23
O2P 3.24
Intercept 64.90
O2, Minute oxygen consumption; SE, standard error; FEV1, forced expirato
DBP, peak diastolic blood pressure; PWC, physical working capacity. CompSE t P Model P value R2
.02 .33
.21 1.01 .07
.17 1.96 .06
21.72 1.01
.07 .31
.07 .34 .08
11.92 1.07 .11
39.49 .34
.01 .36
9.28 1.96 .06
1.37 2.37 .03
12.88 5.04
ry volume in 1 second; O P, oxygen pulse; VAT, ventilatory anaerobic threshold;The Journal of Thoracic and Cardiovascular Surgery ● Volume 133, Number 6 1539.e2
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